Abstract. Under a special program supported by the University of São Paulo (USP) for the development of strategic fields of research, interdisciplinar discussion on the development of photovoltaics and energy technology has been established. Several aspects concerned to solar energy and PV technology were discussed in regular meetings along a year by professionals of different domains. As a result of the program, a collaborative work on the deposition of TiO 2 films employed in photoelectrochemical solar cells has been established between the Laboratory of Inorganic Photochemistry and Energy Conversion at the IQ-USP and other research groups.
INTRODUCTION
Although ascendant, the development of photovoltaic solar energy in Brazil is considerably recent and its contribution as an alternate energy source is incipient. Due to its geographic characteristics, large territorial area, favorable tropical climate and the existence of several remote communities not provided by electrical energy network, photovoltaics is the most feasible alternative, when the environmental and the resources conservation are considered, to the ascending Brazilian energy needs.
Renewable energy conversion has long been of major interest in both academic and productive fields. Having this aim as the main purpose, an interdisciplinary program between distinct institutions was established to discuss subjects on the development of photovoltaics and solar energy technology under a CIUPE program ( 1 ) the Polytechnic School -USP on the deposition of TiO 2 films employed in photoelectrochemical solar cells. Investigation on dye-sensitized photoelectrochemical solar cells has experienced remarkable progress since the development of porous nanometric TiO 2 films with a large surface area [1] [2] [3] [4] . Such cells have acquired increasing recognition as a promising alternative to traditional silicon-based solar cells [5, 6] .
We have been investigating and developing regenerative thin-layer solar cells based on the dye sensitization of nanocrystalline n-TiO 2 [7] [8] [9] [10] . In this work, preparation of TiO 2 emulsions from distinct methods were performed and compared. Spin-coating and painting techniques were employed for the deposition of TiO 2 films over TCO substrates in order to establish optimized deposition parameters.
EXPERIMENTAL
2.1. Materials. All materials were used as supplied without further purification. All chemicals were reagent grade or of the best available purity. Nanopure water was always used.
Preparation of n-TiO 2 emulsions.
Two distinct preparations of TiO 2 emulsions were performed after modifications of the procedures described in the literature [2, 11] . 12 g of commercial TiO 2 (Degussa P25) were ground in porcelain mortar with 6 mL of water containing 0.4 mL of acetylacetone (Aldrich 99%). 14 mL of water and 0.2 mL of Triton X-100 (Aldrich) were slowly added to the mixture under continuous grinding for 10 min. Alternatively, 25 mL of titanium isopropox- 2.3. Thin-film deposition. ITO or FTO substrates (Asahi) were carefully cut in 2.5 cm × 3.0 cm segments and masked with an adhesive tape in order to obtain electrodes with active area of 0.5 cm 2 . Semiconductor emulsions were homogeneously distributed over the substrates by direct painting or spin coating techniques, as previously described [12] . Alternatively, spin coating was obtained in a SCS model P-6204-A Spin Coater Machine at the LME. Thin films were obtained by painting spreading the semiconductor emulsions over the substrates with a glass rod or glass plate. After drying, oxide semiconductor films were sintered at 450 • C for 30 min in an EDG furnace model F-7000-3P.
Thickness measurements of semiconductor-coated substrates were performed using a Coordinate Measuring Machine from Mitutoyo, model BLN112, at GARMA Indústria e Comércio LTDA.
Thin-layer solar cell.
The molecular sensitizers were synthesized following the procedures described in the literature [7, 8] . The dyes were attached to the TiO 2 surface by immersing the processed electrode in 10 −4 M ethanolic solutions of the corresponding complexes.
Photoelectrochemical experiments were carried out by using the dye-sensitized TiO 2 films incorporated into thin-layer sandwich-type solar cells as described in the literature [7, 8] . The photoanode consists of the TiO 2 film sensitized by a molecular sensitizer on a FTO substrate. A transparent Pt-covered TCO substrate is used as a counter electrode. As the redox mediator and electrolyte, 0.05 M I 2 (Merck)/0.5 M LiI (Aldrich) solution in acetonitrile (Aldrich)/3-methyl-2-oxazolidinone (Aldrich), vol. 90/10 was employed.
Physical measurements. Absorption and
transmission spectra were recorded on a Hewlett Packard model 8453 UV-visible spectrophotometer. Preliminary experiments were carried out using an overhead projector as a light source. Photocurrent and voltage measurements were obtained as previously described [7, 8] using an A. W. Sperry digital multimeter, model DM-8A. The average thickness of films obtained directly from commercial TiO 2 after five profile evaluation is between 6 and 10 µm. Semiconductor emulsions obtained by titanium isopropoxide result in thinner and more transparent films, and could not be resolved with the available equipment.
Deposition by spin-coating was also found to be more reproducible and sensitive to experimental conditions. Figure 2 shows transmittance values at 400 nm obtained for semiconductor films deposited by spincoating as a function of speed rotation. TiO 2 emulsions were obtained from the titanium isopropoxide route. It is observed that depositions carried out under faster speed rotations result in thinner, more transpar- ent films. On the other hand, the painting technique does not provide enough sensitivity and a direct relationship between the painting speed and the resulting film thickness can not be established.
Further experiments were performed in order to evaluate the reproducibility obtained with each deposition technique. Two independent sets of oxide-coated substrates were prepared by both painting and spincoating techniques. Successive depositions were performed in order to obtain films with different thickness. Figure 3 presents the relationship between the number of depositions and the resulting transmittance values at 700 nm of the consecutively deposited films obtained with spin coating and painting techniques. Film depositions obtained by both techniques were quite reproducible. It can be seen that consecutive depositions result in thicker and less transparent films. Under the experimental conditions, the painting technique provided more transparent and thinner films. Photoanode transparency is an interesting characteristic for the development of thin-layer transparent solar cells to be employed in novel applications.
Photoelectrochemical measurements.
The effect of the deposition mode and resulting TiO 2 film thickness is further observed in the photoelectrochemical properties of the assembled cell. The concentration of the semiconductor emulsion strongly affects the final characteristics of the painted films. Previous results employing photoanodes obtained by a single oxide deposition revealed that thicker films provided higher photocurrent values [13] . A photocurrent increase with the film thickness is expected to occur up to a limit thickness of around 0.75 µm after which charge migration across the film becomes unfavorable, limiting the photocurrent generation [14] .
The CIUPE program. The interdisciplinary
CIUPE program, supported by our University, promoted the association of professionals of different domains to discuss the development of photovoltaics and energy technology.
Economic, social and technological aspects concerned to solar energy and PV technology were discussed in regular meetings along a year by professionals in chemistry, physics, architecture, engineering as well as entrepreneurs etc. Several Brazilian as well as foreign relevant researchers and specialists were invited to participate in coordinated discussions and seminars. Typically, a seminar presented by a guest was followed by informal discussions with the other participants. The program also promoted field visits to different laboratories belonging to both participants and guests. The resulting contact enabled the participants to become familiar to activities performed by colleagues from distinct institutions and stimulated interunit collaborations in which former experiences, knowhow as well as physical facilities were shared. Meyer, formerly from the University of North Carolina and currently at Los Alamos National Lab., presented two talks entitled "Chemical Approaches to Artificial Photosynthesis" and "Solar Energy: Research in the U.S.," in which different funding sources for solar energy research were presented and discussed. It was frequently mentioned by the participants that the subject did not find the same relevance in Brazil as in other countries, and that a national policy properly directed to stimulate both fundamental and applied research and the use of solar energy systems is necessary.
The participation of GADI (the University's Agency for the Development of Inventions) provided a better understanding of the requirements related to the protection of research results and invents. As an important consequence of the interdisciplinary meetings, the initial contact with GADI has grown up over a year and a half to the preparation of two patent documents involving the work developed at the Laboratory of Inorganic Photochemistry and Energy Conversion.
The relevance of the initiative was confirmed considering the supportive response of different institutions contacted along the period. A proposed national workshop on solar energy conversion organized by this Program with support of CRESESB is programmed to further establish the inter-institutional effort.
CONCLUSION
The CIUPE program promoted by University of São Paulo for the development of strategic fields of research enabled a multidisciplinary discussion on the development of photovoltaics and energy technology. As a result of the program, investigations of thin-films have been carried out in a cooperative effort between our Laboratory and other research groups.
Preparation of semiconductor emulsions from titanium isopropoxide or directly from commercial TiO 2 were performed and compared. Whereas the preparation of emulsions from Degussa TiO 2 is faster and uncomplicated, the isopropoxide hydrolysis method results in thinner, more transparent, semiconductor films. TiO 2 oxide films obtained by both methods were employed as semiconductor substrates for molecular sensitizers in thin-layer photoelectrochemical solar cells.
Spin-coating and painting techniques have been employed for the deposition of TiO 2 films over TCO substrates. Both techniques resulted in transparent homogeneous TiO 2 films which were successfully employed as dye-sensitized photoanodes in the solar cells. Semiconductor film thickness can be increased by performing consecutive independent depositions, but excessive depositions resulted in more fragile TiO 2 films. The spin-coating method was found to be more reproducible and sensitive to deposition parameters such as speed rotation and emulsion concentration.
Efficient photoconversion of visible light into electricity has been successfully accomplished with the use of dye-sensitized semiconductor photoanodes. Solar cells with transparent TiO 2 films allow the development of novel useful applications such as windows, watches, monitors etc. The results show that thin-film properties, such as thickness and transparency, can be controlled and that the photoelectrochemical measurements carried out by our group have been performed under appropriate film deposition conditions.
The interactive experience of collaborative work among different institutions provided both undergraduate and graduate students the opportunity to work towards applied research project.
